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Three-dimensional nonreciprocal transport in photonic
topological heterostructure of arbitrary shape

Mudi Wang'*, Ruo-Yang Zhang', Chenyu Zhang?, Haoran Xue?, Hongwei Jia', Jing Hu',
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Dongyang Wang*, Tianshu Jiang?, Che Ting Chan'*

Electromagnetic wave propagation in three-dimensional (3D) space typically suffers omnidirectional scattering
when encountering obstacles. In this study, we used Chern vectors to construct a topological heterostructure,
where large-volume nonreciprocal topological transport in 3D is achieved. The shape of the cross section in the
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heterostructure can be arbitrary designed, and we experimentally observed the distinctive cross-shaped field pat-
tern transport, nonreciprocal energy harvesting, and the remarkable ability of electromagnetic wave to traverse
obstacles and abrupt structure changes without encountering reflections in 3D space.

INTRODUCTION

Topological materials have garnered notable attention from re-
searchers due to their remarkable properties, in particular the uni-
directional boundary transport (1-15), which makes them highly
promising for applications such as optical communications, energy
transport, and quantum computing. In comparison to two-dimensional
(2D) systems, 3D topological materials offer greater degrees
of freedom to control the propagation of waves, leading to a wide
range of fascinating phenomena such as topological chiral Fermi
arcs (16-19), negative refraction (20), Dirac-like surface states (21),
antichiral surface states (22), 3D Chern insulators (23), and chiral
Landau levels (24, 25). While the topological states are usually
robust against defects and disorders, the existing methods only of-
fer unidirectional transport in 1D edge or 2D surface of a topo-
logical material. The 3D nonreciprocal bulk transport is highly
desired, but remains elusive, both experimentally and theoretically.
Here, we propose an approach to realize highly robust 3D non-
reciprocal bulk transport by designing topological heterostructures
(26-30) of arbitrary shape. The embedded nontrivial Chern vectors
ensure the immunity to obstacles and sharp boundary shapes, en-
abling efficient and unidirectional electromagnetic wave propaga-
tion in 3D space.

RESULTS

We consider a unit cell as shown in Fig. 1A, which consisted of the
yttrium iron garnet (YIG) rod with the height #; = 2 mm and radius
R, arranged on a metal plate with thickness 4, = 2 mm in a hexago-
nal lattice array. The interlayer coupling strength is controlled by the
circular holes with the radii of r = 2 mm (see more details in fig. S1).
The lattice constant in the x-y plane is a = 16 mm, and the periodicity
along z is h = 4 mm. The 3D structure exhibits “AA” stacking along
the z axis, and the remaining space is filled with air. Figure 1B dis-
plays the corresponding first Brillouin zone (BZ). Crystals A and C
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are subjected to a magnetic field of 0.1 T in opposite directions
along the z axis, achieved by embedding the magnets beneath the
YIG rods (R = 2 mm) within the metal plates. These magnetic crys-
tals display the characteristics of 3D Chern insulators, exhibiting
complete energy band gaps (the upper and lower panels of Fig. 1C).
In contrast, the YIG rods (R = 1.65 mm) in crystal B remain un-
magnetized and the crystal demonstrates properties of a nodal line
semimetal, as depicted in the middle panel of Fig. 1C. By combining
crystals A, B, and C in a heterostructure (Fig. 1D), which exhibits
periodicity in the x and z directions, we observe the emergence of
two sheets of distinct 3D waveguiding topological states (Fig. 1E),
with the field distribution of the eigenstates spanning the entire
3D region of domain B. Within the frequency range (from 11.7 to
12.6 GHz) of topological nonreciprocal waveguide states (TNWSs),
the slopes in the k, direction at both valleys are positive for each
fixed value of k,, as shown in Fig. 1F, which exhibits one-way
transport effects.

Before going further, we should develop the model Hamiltonians
to understand the emergence of nonreciprocal waveguide modes in
3D space. The effective Hamiltonians describing domains A, B, and
C around the valley near the Dirac points along the high-symmetry
line K-H can be given as H = k,6,v, —i0,0,vp + d.c,, where vy,
represents the slope along both k, and k,, directions, d, ( j=A,B, C) is
a function of k, to characterize the effective mass, and o, (i=x, y, z)
denotes the Pauli matrices. The Hamiltonian form reflects the fact
that the system is periodic along x and nonperiodic along the y
direction (ky is not a good quantum number). The band dispersion
near the K-H valley is determined by the eigenvalue equation

Hy = oy (1)

Domains A and C are 3D Chern insulators, characterized by the vectors

of three Chern numbers C, = (CA, CA, cA ) andC; = (CC, c¢,ce ),
x>y’ 7z x>y’ 7z
i.e., the Chern vectors (23). The model Hamiltonian gives C)‘:‘ =
CA=CE=CC=0,C* =sgn(d*) = —1andCE = sgn(d®) = 1, while
y x y z z z z

fig. S2 illustrates the results of full-wave simulation calculations for the
Chern number. On the other hand, domain B carries the band disper-
sion of a typical nodal line semiconductor, which implies @® = 0. In the

heterostructure ABC, with domain B having a thickness denoted as L
along the y direction, the A-B interface is positioned at y = L /2, while
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Fig. 1. Heterostructures for 3D TNWSs. (A) The unit cell of a gyromagnetic photonic crystal consisted of the YIG rod (red cylinder) and perforated metal plate (gray
board). (B) Bulk Brillouin zone (BZ). (C) Band diagrams of the photonic crystal for crystals A, B, and C. In crystal A (C), the radius of YIG isr = 2 mm, and it is subjected to a
negative (positive) magnetic field B = 0.1 T (B = —0.1 T). While in crystal B, the radius of YIG is R = 1.65 mm, and there is no external magnetic field, hence B=0T. (D) The
schematic diagram of the 3D heterostructures consists of crystals A, B, and C. Each of these crystals, A, B, and C has a thickness of 7‘?" along the y direction. (E) Band dia-
grams of the heterostructures. A frequency slice was plotted at 12.1 GHz, showing two intersecting green lines with the TNWSs. The illustration demonstrates two eigen-

states at k, = 0. (F) The band dispersion of heterostructure ABC along the k, direction at different k, values.
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the B-C interface is located at y = —L /2. For frequencies inside the
band gaps of domains A (C), the nonreciprocal waveguide states in the
heterostructure ABC are expected to exponentially attenuate along
the positive (negative) y direction. The states can be described as

- Ly . L
Wa =Py e Al >el(kxx+kzz) and y¢ = oy e (y+5)ei(k*x+kzz).
In domain B ( —L/2 <y <L/2), the wave function can be expressed as
the superposition of the two linearly independent bulk eigenstates at
—u, (y—t )\ .
eachk, yp = ( ap, Py € g (-4 +(sz¢kBeukB (+5) ei(k+kz) The

coefficients o,,05,0t5,, and o determine the amplitude of each super-
posed mode. Therefore, the nonreciprocal waveguide mode can be de-
scribed as

(XA(])kAeiukA (yfg),y >

i(k x+k,z)

L
= —u (y—= u,
Wasc = ¢ oy, e (%) +opd e’

ety e (y+§)’)’ <=

=
i
RIS NI

By considering the continuity of Eq. 2 at y=—L/2 and y =
L /2, we can get the dispersion of the TNWS: 8w = k,v,, while

_ 4l . 1
Uy =05 and ¢y, Py by, » and ¢y are proportional to ( _1 ) An-
other TNWS thermore, it is essential for the transmission direction

of the waveguide modes at K'-H' valley to align with those at the
K-H valley, as dictated by the Chern number difference AC, of 2
between domains A and C. These TNWSs can be understood
as a combination of the interface state at the A|C domain wall
and the bulk states within domain B, resulting in bulk states with

A

B 10

C without obstacles

nonreciprocal properties. It is important to note that crystal B can-
not be arbitrary; it must be describable by the Hamiltonian
mentioned above. In particular, domain B is domains A/C with
time-reversal symmetry breaking turned off. In short, if domain B is
a "gapped," the heterostructure supports two boundary modes that
are localized at the interfaces between domains A/B and B/C, as
shown in fig. S3. These modes exhibit exponential decay into do-
main B, due to its gapped nature. Meanwhile, as the width of do-
main B increases, the frequency range corresponding to TNWS will
decrease, but this state will persist, as shown in fig. S4.

Now we proceed to the demonstration of 3D nonreciprocal
transport. The top panel of Fig. 2A presents a photograph capturing
a linear heterostructure, with copper-plated boards positioned at
the bottom (fig. S5A) and top (fig. S5B). The top board features
circular holes for the convenience of field measurements. The nu-
merically computed (using COMSOL) isofrequency contours, rep-
resented by the green dashed line in Fig. 2B, appear as two nearly
straight lines. To experimentally validate our findings, we conduct-
ed measurements on the xz plane within the domain B and per-
formed 2D Fourier transform, generating the Fourier spectrum (the
color map in Fig. 2B) in the momentum space. Figure 2C illustrates
the field distribution in the heterostructure waveguide excited by a
vertical line source under varying values of k,, with periodicity ob-
served in the z direction. Notably, the energy exhibits a uniform
distribution across the entire domain B, indicating remarkable simi-
larity in the field distribution as k, varies. To evaluate the stability of
the observed topological state, we introduced 20 aluminum cylin-
ders with the same length as obstacles within the central region
(the sample’s photo is shown in the bottom panel of Fig. 2A), as
depicted on the right side of Fig. 2C. We observed that the incident
wave effectively circumvented these obstacles, allowing propagation
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Fig. 2. Robust transport for 3D TNWSs. (A) Photograph of the straight heterostructure and the sample with PEC obstacles (20 aluminum cylinders are placed within the
air holes of the black dashed rectangle). (B) Experimentally measured band structure (color map) compared with simulated result (green dash lines) at the k, k, plane for
12.1 GHz. (C) The distribution of field with different k, at 12.1 GHz for the normal structure and the structure with obstacles (20 aluminum cylinders). (D) Transmission

coefficient S21 for the normal structure and the structure with obstacles.
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with minimal disruption to the field distribution. We measured the
transmission characteristics both in the absence and presence of 20
aluminum cylinders, as illustrated in Fig. 2D (see the Supplemen-
tary Materials for more details about the experimental measure-
ment). The obtained results confirm the nonreciprocal nature of
transport and its resilience to the presence of obstacles within the
frequency range of TNWSs. In fig. S7, we also examined the sce-
nario where 20 aluminum rods of varying heights act as obstacles,
demonstrating that the nonreciprocity of TNWSs remains unaffected.
In comparison to the 1D nonreciprocal edge states (10, 11), our
study focuses on 3D waveguide states characterized by energy dis-
tribution across a significant 3D volume. The waveguide mode
distributes energy almost uniformly across a large area in domain
B. This feature is beneficial for certain applications, such as enhanc-
ing the mode’s access to a larger gain region in lasing configurations.
However, this even distribution can also lead to reduced signal in-
tensity at specific measurement points. If domain B exhibits losses,
the waveguide mode may encounter experimental losses while the
energy from the incident point source remains constant, potentially
resulting in diminished nonreciprocal characteristics.

The existence of TNWSs in 3D space opens up possibilities for
controlling the bulk transport of electromagnetic waves by manipu-
lating the shape of the heterostructure in different directions. We
first focus on modifying the shape within the yz plane, which is per-
pendicular to the direction of wave propagation. Figure 3A provides
a schematic representation of a cross-shaped heterostructure and
the corresponding experimental sample. The heterostructure main-
tains periodicity along the x direction, while domain B takes on a
cross shape in the yz plane. The projection of the band structure
along the x direction for this cross-shaped heterostructure is illus-
trated by the green dashed lines in Fig. 3B. We should note that,
there are a total of 15 distinct one-way bands in each valley, because
there are 15 layers in the z direction. The bands within each valley
are so closely spaced that they collectively appear as a single green
line in Fig. 3B. This phenomenon can be understood using the mod-
el Hamiltonian analysis presented in the Supplementary Materials.

In the experiment, we conducted measurements along the x axis
and applied a 1D fast Fourier transform to transform the collected
data to momentum space. The resulting plot, depicted in the color
map of Fig. 3B, demonstrates agreement with the corresponding
theoretical predictions. The experimentally measured field distribu-
tion in the yz plane is presented in Fig. 3C, reveals an energy distri-
bution taking the form of a cross shape. In comparison to the direct
jointing of two different 3D Chern insulators (of opposite Chern
vectors), the nonreciprocal waveguide states in the presented design
can exhibit an arbitrary 2D field distribution perpendicular to the
propagation direction as determined by the shape of domain B. More
details can be found in fig. S8 to S11, and the corresponding supple-
mentary text.

We proceed to modify the shape of the heterostructure in the xy
plane (being periodic in the z direction), aiming to harvest input
energy into a narrow region. Figure 3D provides a schematic illus-
tration of the heterostructure configuration designed for this pur-
pose and the corresponding experimental sample photo. In this
particular configuration, domain B within the xy plane abruptly
changes from a wide area (consisting of seven layers in the middle)
to a narrow area (with zero layer in the middle, where domains A
and C are in direct contact). Examining the simulated results after
point source excitation at a frequency of 12.2 GHz with different k,,

Wang et al., Sci. Adv. 11, eadq9285 (2025) 8 January 2025

Fig. 3E displays the field distribution where the energy concentrates
from a larger area to a smaller area, effectively achieving the line
focusing. In our experimental setup, we scanned the yz planes as
indicated by the black dashed lines in Fig. 3D. Subsequently, we
plotted the distribution of field intensity along the transverse y axis
in Fig. 3F, where the contributions of different layers along the z di-
rection were summed together. As anticipated, the experimental
results indicate that during the transmission of microwaves along
the x direction, the input energy can be effectively collected to the
central region of y direction.

Last, we broke the periodicity of the sample in all x, y, and z di-
rections. In this configuration, the domain B undergoes both bend-
ing and deformation, as illustrated in the top panel of Fig. 3G, with
the experimental sample photo displayed in the bottom of it. The
entire configuration retains its nonreciprocal bulk transport charac-
teristics, since the topological properties of domains A, B, and C
remain unaffected by the changes in configuration. On the other
hand, the entire sample can also be viewed as multiple 2D yz sec-
tions being stacked along the x direction. As each individual section
of heterostructure exhibits nonreciprocal effects, this property will
remain valid for the whole structure.

In the experiment, we performed separate measurements of the
transmission characteristics for a cross-shaped heterostructure (Fig.
3A), a focusing configuration (Fig. 3D), and a 90° curve configura-
tion under deformation (Fig. 3G). The results, depicted in Fig. 3H,
reveal a distinct nonreciprocity within the TNWSs region (high-
lighted by the blue shaded area). This observation demonstrates that
despite variations in geometry, the nonreciprocal transport of elec-
tromagnetic waves in 3D space remains unaffected.

DISCUSSION

Our study demonstrates the nonreciprocal transport in 3D photon-
ic heterostructures of arbitrary shape. This is achieved by incorpo-
rating a nodal line semimetal crystal between two distinct Chern
insulators to form a heterostructure. Consequently, the initially
reciprocal nodal line semimetal states undergo a transformative
change, leading to the emergence of TNWSs. It is noteworthy that
in the x direction, the heterostructure consistently exhibits nonreci-
procity. In the yz cross section, electromagnetic waves will saturate
the entire domain B and there is no nonreciprocity in directions
normal to the x direction. This discovery establishes a platform
for the effective control and manipulation of electromagnetic wave
transport in 3D space.

MATERIALS AND METHODS

Numerical simulation

All theoretical simulations were performed using the radio-frequency
module of COMSOL Multiphysics. In the calculation of the single-
cell band structure shown in Fig. 1C, all directions were set as peri-
odic. For the band calculations in Figs. 1 (E and F) and fig. S8, the x
and z directions were set as periodic, while the remaining directions
were set as scattering boundaries, removing the boundary states at
the interfaces between domain A(C) and the scattering boundaries.
In the calculation of the projected band structure in Fig. 3B, the x(z)
direction was set as periodic (PEC), while the y direction was set
as scattering boundaries, removing the boundary states at the inter-
faces between domain A (C) and the scattering boundaries.
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Fig. 3. Robust transport for 3D TNWSs with arbitrary shape. (A) Schematic diagram of a cross-shaped heterostructure and the corresponding experimental sample.
(B) Experimentally measured projected band structure for the structure in (A), compared with the theoretical results. (C) Experimentally measured field distribution for the
structure in (A) at 12.1 GHz. (D) Schematic diagram of a line-focused heterostructure and the corresponding experimental sample. (E) Simulated field distribution for the
structure in (D) at 12.2 GHz withk, = —0.5n/a, 0, and 0.5z /a, with periodicity along the z direction. (F) Experimentally measured field intensity distribution with dif-
ferent y positions at planes X = 13a and X = 22a for the structure in (D). (G) Schematic diagram of 90° curve configuration while undergoing deformation and the corre-
sponding experimental sample. (H) Transmission coefficients S12 and S21 for the structures in (A), (D), and (G).

The calculation of the Chern vector
Since the system is globally gapped, the Chern numbers for
the X, y, and Z momentum planes can be well defined by C,,, =

if e Q,d%k, where $*7 represents the k,_ _-fixed 2D section in
2m I SPETTN

X)Z
the 3D BZ. Here, Q, (k) =V, X A,(k) is the Berry curvature,
A, (k) =i{u,; | Vi |u,,)isthe Berryc  onnection and u,; is the
periodic part of Bloch state for the nth band. Moreover, fig. S2
displays the results of calculating the Chern number using full-
wave simulations.

Materials and experimental setups
The YIG material parameters uses a saturation magnetization of
4nM, = 1850 G, a linewidth of AH = 50 Oe, and a permittivity of

Wang et al., Sci. Adv. 11, eadq9285 (2025) 8 January 2025

€ = 13.8. A fully magnetized ferrite has a relative permeability tensor
poixk 0
0, (y+ioaw) nd

in the f p=
in the form p T

—ik p o} where p=1+
0 01

®,,0

= ——=—— The resonance frequency is denoted as w, = YH,,
(wp+iow)” —a?
where H); is the applied magnetic field (+0.1 T). The char-
acteristic frequency as ,, =4nyM,, and the gyromagnetic
ratio as y = 2.8 MHz / Oe.
On the copper-plated board, circular holes with a diameter of 3.2 mm
are drilled at the positions of the YIG. Inside these holes, mag-
nets with a diameter of 3 mm and a height of 2 mm are placed to
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introduce the corresponding magnetic field in the desired direc-
tion. The YIG is held in place using thin-film boards with drilled
holes (with a relative permittivity close to 1). The straight hetero-
structures, cross-shaped heterostructures, and line-focused hetero-
structures are composed of 26 X 21 X 15 unit cells in the x, y, and
z directions. While the 90° curve configuration while undergo-
ing deformation consists of 26 X 25 X 15 unit cells along the x, y,
and z directions.

In the experimental setup, a vector network analyzer is used to
connect both the source and probe antennas. By inserting the probe
into the holes and scanning along the z direction, the field informa-
tion inside the crystal is measured.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S11
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